IRF-7 is the master regulator of type I interferon-dependent immune responses controlling both innate and adaptive immunity. Given the significance of IRF-7 in the induction of immune responses, many viruses have developed strategies to inhibit its activity to evade or antagonize host antiviral responses. We previously demonstrated that ORF45, a KSHV immediate-early protein as well as a tegument protein of virions, interacts with IRF-7 and inhibits virus-mediated type I interferon induction by blocking IRF-7 phosphorylation and nuclear translocation (Zhu, F. X., King, S. M., Smith, E. J., Levy, D. E., and Yuan, Y. (2002) Proc. Natl. Acad. Sci. U.S.A. 99, 5573-5578). In this report, we sought to reveal the mechanism underlying the ORF45-mediated inactivation of IRF-7. We found that ORF45 interacts with the inhibitory domain of IRF-7. The most striking feature in the IRF-7 inhibitory domain is two ␣-helices H3 and H4 that contain many hydrophobic residues and two ␤-sheets located between the helices that are also very hydrophobic. These hydrophobic subdomains mediate intramolecular interactions that keep the molecule in a closed (inactive) form. Mutagenesis studies confirm the contribution of the hydrophobic helices and sheets to the autoinhibition of IRF-7 in the absence of viral signal. The binding of ORF45 to the critical domain of IRF-7 leads to a hypothesis that ORF45 may maintain the IRF-7 molecule in the closed form and prevent it from being activated in response to viral infection.
Interferon regulatory factors (IRFs) 2 are presently a diverse family of transcription factors widely implicated in mechanisms involving both antiviral defense and immune regulation (1) (2) (3) (4) . Two closely related members within this family, namely IRF-3 and IRF-7, have been identified as the key regulators mediating the induction of type I IFNs (␣/␤) following a viral infection (5) (6) (7) . Type I IFNs thus elicited the trigger for the transcription of downstream antiviral effector proteins, which through pleiotropic effects target and inhibit distinct stages in the viral life cycle ultimately helping to relieve the host cell of the viral burden (8, 9) . IRF-7 has been known to be the master regulator of type I interferon-dependent immune responses. The role of IRF-7 in the type I IFN induction pathway was earlier assessed employing IRF-7 deficient mice (IRF-7 Ϫ/Ϫ ) (10, 11) . In mouse embryonic fibroblasts isolated from these mice, following experimental viral infection, levels of type I IFN induction was found to be severely impaired, compared with levels obtained with the IRF-3 deficient mice (IRF-3 Ϫ/Ϫ ) (10, 11) . More importantly, the IRF-7-deficient mice (IRF-7 Ϫ/Ϫ ) were much more susceptible to viral infections compared with IRF-3-deficient mice (IRF-3 Ϫ/Ϫ ), with the increased viral susceptibility of the former well correlating with appreciable decreases in serum IFN levels. Another newly identified facet of IRF-7 is its critical role in a novel pathway involving the robust induction of type I IFNs. In this pathway, the Toll-like receptor molecule, exemplified by the Toll-like receptor 9 subfamily, subsequent to activation, recruits an adaptor protein MyD88. This adaptor protein specifically interacts with and activates IRF-7 (12, 13) , resulting in type I IFN elicitation. The robust induction of type I IFN production by Toll-like receptor 9 in plasmacytoid dendritic cells is entirely dependent on IRF-7, with the MyD88-IRF-7 pathway governing the induction of CD8ϩ T-cell responses. Thus, all elements of type I IFN responses, whether the systemic production of IFN in innate antiviral immunity or the local action of IFN from plasmacytoid dendritic cells in adaptive immunity, are under control of IRF-7 (10, 11) .
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lying inactivation of IRF-7 by ORF45. Toward this, we attempted to map the domain(s) on IRF-7 specifically binding with ORF45. Our result indicated that KSHV ORF45 specifically bound to a region on IRF-7 spanning aa 305-466. This region has been earlier identified as an inhibitory domain (ID) (23 (23) . Among these different domains, it has been hypothesized that in the absence of a virus signal, the ID through intramolecular interactions maintains IRF-7 as a "closed" structure efficiently masking the N-terminal DBD and transactivation domains and the C-terminal signal response domains, thereby preventing the downstream activation of IRF-7 (4, 23, 24, 26) . A similar function of the ID has also been suggested for other IRFs including IRF-3 (27) (28) (29) , IRF-4 (30, 31) , and IRF-5 (32) .
The structural features of the ID region of IRF-7 has thus far remained elusive due to the absence of a known crystal structure for this protein. Subsequent to the finding that KSHV ORF45 interacts with the IRF-7 ID, combined with the possibility that ID critically controls the activation of IRF-7, motivated us to gain possible insights into this interesting region. By using mutagenesis analyses, combined with a molecular modeling approach, we identified distinct areas within the IRF-7 ID, enriched with hydrophobic amino acids, which vitally contributed to maintaining the IRF-7 molecule in closed conformation controlling the switch to an active form in response to viral infection.
EXPERIMENTAL PROCEDURES
Cells-Human embryonic kidney (HEK) 293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics.
Plasmid Constructs-The prey plasmids for the yeast twohybrid (Y2H) assay consisted of (i) PCR amplified full-length IRF-7 cloned into the pACT2 vector (pACT2-IRF-7) in-frame with the GAL4 activation domain (AD) of the vector (Table  1) ; (ii) PCR amplified different truncation segments of IRF-7 cloned into the pACT2 vector (Table 1) ; (iii) deletion mutants of IRF-7 (ID1-ID10 with sequential amino acid deletions across the IRF-7 ID; Table 1) in the pACT2 vector, generated with a PCR-based mutagenesis system, ExSite (Stratagene) using a pair of phosphorylated oligonucleotides in opposite directions employing the pACT2-IRF-7 as the template; and (iv) PCR amplified IRF-7 exons (1-10) cloned into the pACT2 vector ( Table 1 ). The bait plasmid was comprised of either the full-length KSHV ORF45 sequence or the IRF-7 ID sequence (aa 283-466) cloned into the pAS2-1 vector in-frame with the GAL4 DBD of the vector (Table 1) .
The IRF-7 expressing plasmids for the co-immunoprecipitation assay consisted of (i) the full-length IRF-7 cloned into a pCMV-2-Flag expression vector designated as the pCMV-2-Flag-IRF-7 (Table 1) or (ii) different deletion mutants of IRF-7 (ID1-ID10 with sequential amino acid deletions across the IRF-7 ID; Table 1) constructed as earlier described employing the PCR-based mutagenesis system with pCMV-2-Flag-IRF-7 as the template. The KSHV ORF45 expressing plasmid, pCR3.1-ORF45, was constructed by cloning the entire ORF45 sequence into the pCR3.1 vector (Table 1) .
Yeast Two-hybrid (Y2H) Analysis-Interaction abilities of (i) IRF-7 full-length and the respective truncation/deletion "prey" plasmids (Table 1) with KSHV ORF45 "bait" plasmid or (ii) IRF-7 exon (1-10) prey plasmids (Table 1) with IRF-7 ID bait plasmid were tested by an Y2H analysis, performed with the Matchmaker system (Clontech). Yeast strain Y190 was co-transformed with the respective prey and bait plasmids using lithium acetate. Yeast transformants positive for the prey-bait interaction were selected on plates lacking leucine, tryptophan, and histidine titrated against increasing concentrations (10 -50 mM) of 3-amino-1,2,4-triazole (3-AT) and subsequently assayed for ␤-galactosidase activity using the standard colony-filter assay as described earlier (33) . Thus interactions between the prey and bait were scored as positive only if there was activation of both the reporter genes, HIS3 (growth on 3-AT incorporated plates lacking histidine) and LacZ (positive ␤-galactosidase assay).
Co-immunoprecipitation Assay and Immunoblotting-Subconfluent monolayers of HEK 293T cells were co-transfected with either the pCMV-2-Flag-IRF-7 (full-length) or the respective pCMV-2-Flag-IRF-7 deletion mutants (ID1-ID10) ( Table 1) , along with the ORF45 expressing plasmid (pCR3.1-ORF45) by the calcium-phosphate transfection method. Forty-eight hours post-transfection, cell monolayers were washed twice with ice-cold PBS followed by lysis with ice-cold lysis buffer (33) . Cell lysates thus prepared were homogenized and clarified by high-speed centrifugation at 4°C and subjected to an immunoprecipitation with an anti-FLAG M2-affinity gel (Sigma). Immunoprecipitated complexes were thoroughly washed with cold lysis buffer, resuspended in SDS-PAGE loading buffer, boiled for 10 min, and loaded onto SDS-PAGE gels (Invitrogen), and subsequently immunoblotted with a rabbit polyclonal anti-ORF45 antibody to detect the presence of co-precipitating ORF45.
Luciferase Assay-The promoter sequences of human IFNA1 (Ϫ140 to ϩ9) and IFNB (Ϫ280 to ϩ20) were cloned into the pGL3-basic vector (Promega). Subconfluent HEK 293T cells grown in 24-well plates were transfected with 20 ng of pRL-TK reporter (Renilla luciferase as an internal control), 200 ng of pGL-3 reporter (firefly luciferase, experimental reporter), and 40 ng of IRF-7 expressing plasmid (IRF-7 fulllength or the IRF-7 ID deletion mutants, ID1-ID20, cloned into a pCMV-2-FLAG vector; Table 1 ) employing the Qiagen Effectene transfection kit. At 8 h post-transfection, 80 hemagglutinin units (HA) of Sendai virus were added to one set of transfected cells. Twenty-four hours post-transfection, cell lysates were collected and a luciferase assay was performed with the Dual-luciferase assay kit from Promega (Madison, WI).
Immunofluorescence Assay-The full-length and the different IRF-7 ID deletion mutants, ID10 -ID20, cloned into a pEGFP-C3 vector (Clontech) ( Table 1 ) that allows for expression of these proteins as fusions to the C terminus of EGFP were constructed. HEK 293T cells grown on coverslips were transfected with the above plasmids employing the Qiagen Effectene transfection kit. For virus infection, the transfected cells were challenged with Sendai virus (80 hemagglutinin units/ml) at 16 h post-transfection. Twelve hours post-infection, both the uninfected and the virus-infected cells were washed with PBS and subsequently fixed. The coverslips were mounted onto slides and examined under a confocal microscope (Nikon) and images were processed with a LaserSharp 2000 software. Molecular Modeling-The x-ray crystal structure of IRF-3 (Protein Data Bank 1J2F) was obtained from the Protein Data Bank at the Research Collaboratory for Structural Bioinformatics. The C-terminal section of the B chain (residues 189 -422) served as the structure template. The sequence of IRF-7 (residues 281-503) was aligned to the IRF-3 structure by sequence similarity, and the coordinates of homologous amino acids were transferred from IRF-3 to IRF-7 using the Homology module of Insight II (Accelrys). The coordinates of unassigned residues of IRF-7 were estimated by standard interpolation methods. The final structure was then subjected to energy minimization using the Discover module of Insight II.
RESULTS AND DISCUSSION

KSHV ORF45 Binds to a Specific Region on IRF-7 Encom-
passing Amino Acids 283-466-Earlier findings from our laboratory revealed that KSHV ORF45 inhibited IRF-7 activation (21) thus effectively antagonizing the host antiviral immune responses, helping to establish a successful primary viral infection (22) . Thus toward further comprehending the interaction dynamics between IRF-7 and ORF45, we attempted to map the region(s) on IRF-7 interacting with ORF45. The fulllength IRF-7 and a series of truncation mutants across the entire length of the protein (Fig. 1) cloned into the pACT2 vector (prey) were co-transformed along with full-length ORF45 in pAS2-1 vector (bait) into yeast strain Y190. This allowed for the simultaneous expression of both the prey and bait proteins within the yeast cells. Potential yeast transformants positive for prey-bait interactions were selected based on their His ϩ LacZ ϩ phenotype as indicated by their ability to grow on plates incorporated with 3-AT but lacking histidine (His ϩ ) with concomitant ␤-galactosidase (LacZ) activity. The Y2H results indicated that full-length IRF-7 and mutants with successive truncations of the N terminus up to amino acid 283 (inclusive of mutants spanning amino acids 77-503, 92-503, 181-503, 255-503, and 283-503) were able to interact with KSHV ORF45 (Fig. 1) with comparable intensities (data not shown). However, any further truncation of the N terminus of IRF-7 beyond amino acid 283 failed to associate with ORF45 as seen with the mutant encompassing aa 305-503 (Fig. 1) . On the other hand, a series of truncations from the C terminus of IRF-7 up to amino acid 466 (mutants spanning amino acids 283-490, 283-466) did not seem to affect the ability of IRF-7 to bind with ORF45. Binding was totally lost upon C-terminal truncations beyond amino acid 466 as exemplified by the mutant spanning IRF-7 aa 283-452 (Fig. 1) . A fragment of IRF-7 encompassing aa 283-466 completely retained the ability to associate with ORF45 ( Fig. 1) . Taken together the Y2H study clearly indicated that KSHV ORF45 specifically binds to a region on IRF-7 encompassing aa 283-466.
The Entire ID of IRF-7 Is Necessary for Binding with KSHV ORF45-After mapping the ORF45-binding region on IRF-7 to the stretch spanning aa 283-466, we wanted to further dissect this region to investigate if ORF45 bound to designated stretches of amino acids within this region. We constructed a series of small deletion mutants of IRF-7, designated as mutants ID1-ID10, across the entire region spanning aa 283-466 as illustrated in Fig. 2A . The respective deletion mutants or the full-length IRF-7 that constituted the prey array were cotransformed into yeast cells along with the bait (ORF45 in pAS2-1 vector). His ϩ LacZ ϩ yeast transformants were subsequently selected as earlier described. In addition to its interaction with the full-length IRF-7, KSHV ORF45 also interacted with the IRF-7 deletion mutant ID1, which had a deletion of an amino acid stretch from 283 to 304 ( Fig. 2A) . However, ORF45 failed to interact with deletion mutant ID10, which completely lacked the IRF-7 aa stretch 283-466 and deletion mutants ID2-ID9, which harbored deletions of consecutive 20-amino acid stretches starting from the N terminus at aa 305 ( Fig. 2A) . Thus the Y2H result clearly indicated that ORF45 recognizes the entire sequence of IRF-7 within the stretch spanning amino acids 305-466.
To confirm these Y2H findings, we proceeded with a coimmunoprecipitation assay. The full-length IRF-7 or the respective IRF-7 deletion mutants, ID1-ID10, cloned into a FLAG-tagged expression vector were co-transfected along with an ORF45 expression vector (pCR3.1-ORF45) into subconfluent monolayers of HEK 293T cells. Forty-eight hours post-transfection, cells were lysed and the optimal and stable expression of both the co-transfected protein pairs was confirmed by immunoblotting employing specific anti-FLAG (Fig. 2B ) and anti-ORF45 polyclonal antibodies, respectively (data not shown). Cell lysates immunoprecipitated with an anti-FLAG antibody-agarose affinity gel (Sigma) were sub- jected to Western blot to detect the presence of co-precipitating ORF45 employing a specific polyclonal antibody toward it.
ORF45 in addition to being immunoprecipitated with fulllength IRF-7 was also efficiently precipitated with the IRF-7 mutant ID1 (aa ⌬283-304) (Fig. 2B) . However, ORF45 failed to interact with all the other deletion mutants inclusive of mutant ID10 that completely lacked the stretch spanning aa 283-466 as evidenced by a barely detectable co-precipitation of ORF45 with these mutants compared with levels obtained with the full-length IRF-7 (Fig. 2B) . Thus in essence the co-immunoprecipitation assay mirrored the findings of Y2H. The region on IRF-7, spanning amino acids 305-466, which specifically binds ORF45 (Fig.  2) , has been recognized as the ID (23, 24) .
Removal of the Entire ID from IRF-7 Leads to a Constitutive and Hyperactive Molecule but Any Small Deletions in the ID Results in Complete Loss of IRF-7
Transactivation-In perfect agreement with previous observations, we found that deletion of the above ORF45-binding region from IRF-7 generated a constitutive and hyperactive form of the protein in our study. This was convincingly illustrated by the potency of this mutant (IRF-7 ID aa ⌬283-466) in drastically activating the transcription of the IFNA1 promoter compared with the wildtype IRF-7 irrespective of challenge by Sendai virus (Fig. 3) . This finding credibly demonstrates that the ID of IRF-7 plays a critical role in maintaining the protein in a latent/inactive state making it strikingly less amenable toward the activation of the IFN promoters. Thus given the fact that ID appears to silence IRF-7 transcription activity, the ID targeting ability of ORF45 clearly assumes significance. Interestingly, the ID of IRF-7 also seems to be targeted by other herpesviral proteins that contribute to host immune evasion including the EBV LF2 (14) and the KSHV vIRF-3 (15).
We next examined for the effects of small deletions in the ID region of IRF-7 on its transactivation ability. A reporter construct in which a luciferase gene is controlled by a human IFNA1 promoter was cotransfected into 293T cells together with the expression plasmids of wild-type IRF-7 or its respective small deletion mutants (ID1-ID9). The activity of the IFNA1 promoter in cells was enhanced up to 4-fold by expressing IRF-7. Sendai virus infection further stimulated the promoter by an additional 22-fold. However, the virus-induced transcription of the IFNA1 promoter was totally lost in all nine of the small internal deletion mutants, ID1-ID9 (Fig.  4) , suggesting that any small deletion in the ID results in a deadlock of the IRF-7 molecule in an inactive form.
Structure and Function of ORF45-binding Region of IRF-7-Subsequent to observations that KSHV ORF45 specifically binds to the ID region on IRF-7 and that deletion of ID results
FIGURE 2. The entire ID of IRF-7 is required for binding with KSHV ORF45.
A, the full-length and a series of small deletion mutants (ID1-ID10) of IRF-7 cloned into the pACT2 vector (prey) were individually co-transformed along with the full-length ORF45 in the pAS2-1 vector (bait) into yeast strain Y190. Yeast transformants positive for the prey-bait interaction were selected on plates lacking leucine, tryptophan, and histidine titrated against increasing concentrations (10 -50 mM) of 3-AT and subsequently assayed for ␤-galactosidase activity (standard colony filter assay), the findings of represented on the right of each prey construct. B, subconfluent monolayers of HEK 293T cells were co-transfected with either the pCMV-2-Flag-IRF-7 (full-length) or the respective pCMV-2-Flag-IRF-7 deletion mutants (ID1-ID10) along with the ORF45 expressing plasmid (pCR3.1-ORF45). Expression levels of the IRF-7 full-length/deletion mutants in whole cell extracts (WCE) as detected by a Western blot (WB) employing anti-FLAG antibody is shown in the upper panel. The cell extracts were immunoprecipitated (IP) with an anti-FLAG antibody and the immunoprecipitates were resolved on SDS-PAGE gels and subjected to a Western blot with an anti-ORF45 antibody to detect levels of co-precipitating ORF45 (lower panel). in a constitutive and hyperactive form of IRF-7, we became motivated to learn further about the structural and functional characteristics of this important but less characterized region of IRF-7. To this end, it becomes desirable to solve the crystal structure of IRF-7 in its entirety or at least the C terminus IRF activation domains (IAD), which includes the virus-activated domain (VAD) (aa 246 -305), ID (aa 305-466), and the SRD (aa 468 -503) of the protein (23). However, despite repeated approaches by us, due to an insolubility problem, neither the entire IRF-7 nor its IAD fragment could be purified in a large quantity for its structural study by crystallography.
The crystal structure of IRF-3 (more specifically its C-terminal IRF activation domain or IAD) has been published (29, 34) . A sequence alignment of IRF-3 and the IRF-7 (performed by GAP, Wisconsin Package (Accelrys) using specific algorithms (35, 36) ) revealed conserved IAD between these two molecules with the overall fold almost being identical (Fig.  5A ). The only difference pertaining to occurrence of protein secondary structures (37) in IRF-7 IAD was the absence of ␤-sheets, S3 and S4, in comparison to IRF-3 (29) with the occurrence and positioning of the remaining ␤-sheets and ␣-helices almost identical in both. Thus to maintain uniformity, we have applied the protein secondary structure numbering system of IRF-3 (29) to IRF-7 with ␤-sheets 3 and 4 as the only exclusion (Fig. 5A) .
As is evident from Fig. 5A , the most striking feature of the IRF-7 IAD sequence is the preponderance of several hydrophobic amino acid-rich stretches. This includes (i) , and Leu 499 . We believe that the increased hydrophobicity associated with the IRF-7 IAD could explain the insolubility of this component. Due to the similarity in the overall fold of the IAD between IRF-3 and IRF-7, we were able to use protein structure modeling to predict the structure of the IRF-7 IAD employing the IRF-3 IAD structure as a template. Following sequence alignment of the IADs of IRF-3 (aa residues 189 -422) with IRF-7 (aa 281-503), the coordinates of homologous amino acids were transferred from IRF-3 to IRF-7 using the Homology module of Insight II (Accelrys). Subsequently the coordinates of unassigned residues of IRF-7 were estimated by standard interpolation methods and the final model following energy minimization was constructed employing the Discover module of Insight II (Accelrys). This model of the IRF-7 IAD is illustrated in Fig. 5B that shows all the protein secondary features of this component inclusive of the H3/H4 ␣-helices of the ID and the H5 ␣-helix of the C-terminal SRD.
A space-filling model of the region spanning the H3-H4-H5 ␣-helices, as illustrated in Fig. 5C , clearly shows the increased hydrophobicity of this region along with the physical interactions among the H3, H4, and H5 ␣-helices mediated through hydrophobic contacts. A space filling model of the above region in 2 different orientations (with each helix represented in a distinct color), which further corroborates the interaction of the ␣-helices (H3 and H4) with the H5 helix is illustrated in supplemental Fig. S1 . In addition to its interaction with the H5 ␣-helix, from our modeling data we also predict that the apparently exposed hydrophobic region spanning the H3-H4 ␣-helices (Fig. 5C ) could also be involved in associating with regions closer to the N terminus of IRF-7 (data not shown). Taken together our molecular modeling approaches provide a model for the maintenance of IRF-7 in a closed state conformation through interactions pivotally mediated by hydrophobic amino acid stretches spanning the H3 and H4 ␣-helices of the ID.
As the above modeling data were based on computer-generated images, we did feel compelled to verify the predicted closed state IRF-7 model and to gain more details about the structure through experimental approaches. Toward this, we employed a systematic protein mapping approach. Employing the Y2H assay, we attempted to investigate the interaction patterns of the different domains of IRF-7 with its ID. The different IRF-7 exons (numbering 1-10 from the N to the C terminus encompassing the different domains of IRF-7; Fig. 6 ) constituting the prey along with the bait (IRF-7 ID segment spanning aa 283-466) were simultaneously co-transformed into yeast cells. Interacting prey-bait pairs were then identified through selection of His ϩ LacZ ϩ yeast transformants as earlier described on plates incorporated with increasing concentrations of 3-AT but lacking histidine. Fig. 6A illustrates the HIS3/LacZ phenotypes of yeast colonies transformed with the respective prey-bait pairs. Herein, the (i) HIS3 phenotype is shown as indicated by growth of these yeast colonies on plates lacking histidine incorporated with 50 mM 3-AT and (ii) LacZ phenotype is represented as indicated by findings of the ␤-galactosidase performed on the colonies. Taken together, the Y2H findings indicated interactions of both the N-terminal (exons 1/2 and 3) and C-terminal (exon 10) exons with the IRF-7 ID, represented schematically in Fig. 6B . Interestingly the ID interacting region, the N-terminal exons (amino acids 1-131), and the C-terminal exon (amino acids 452-503) span the N-terminal DBD and the C-terminal SRD of IRF-7, respectively (Fig. 6B) . Thus the contact established by ID with both the C and N terminus leads to a closed conformation structure wherein the IRF-7 functional domains including the C-terminal SRD and the N-terminal DBD and
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Serine moieties in the C-terminal SRD of IRF-7 (23, 24) serve as target substrates toward IRF-7 phosphorylation, which constitutes the initial step in its activation. Our modeling approach also predicted that through interactions mediated by the ID, a cluster of target serine residues at aa positions 475, 476, 477, 479, and 487 are likely to be buried in the closed/latent state conformation of IRF-7 making them less amenable to phosphorylation (supplemental Fig. S2 ). Viral invasion of a cell prompts the virus-mediated kinases IKK and TBK1 (38, 39) to bring about the addition of negatively charged phosphate groups to the serine moieties (23, 24) . The associated charge repulsions brought about by this could result in a significant perturbation in the closed conformation of IRF-7 mediated by the ID. Similar to IRF-3, this could culminate in the conversion of IRF-7 to an open conformation wherein all the functional domains of IRF-7 are exposed resulting in initiation of subsequent downstream activation.
Significance of the Hydrophobic Region Spanning the H3-H4 ␣-Helices in IRF-7 Activation-The above described model had suggested candidate regions within the IRF-7 ID (stretch spanning the H3-H4 helices) having the potential to play a central role in autoinhibition of IRF-7 in the latent state. To verify the role of this region including the two helices and the sequence between them, we constructed a series of deletion mutants in the ID of IRF-7 (designated as mutants ID10 -ID20, Fig. 7A ) across the entire length of the ORF45 The C-terminal section of the B chain (residues 189 -422) served as the structure template. The sequence of IRF-7 (residues 281-503) was aligned to the IRF-3 structure by sequence similarity, and the coordinates of homologous amino acids were transferred from IRF-3 to IRF-7 using the Homology module of Insight II (Accelrys). The coordinates of unassigned residues of IRF-7 were estimated by standard interpolation methods with the final predicted structure energy minimized using the Discover module of Insight II. The region spanning the H3-H4-H5 ␣-helices (within the boxed square) is illustrated in C as a space-filling model clearly showing the physical interaction of the three helices along with the increased hydrophobicity of this region. The hydrophobicity scale index (25) is shown alongside the right panel with hydrophobicity increasing from top to the bottom of the scale. binding region (spanning aa 283-466). This approach allowed us to conveniently and reliably assess the function of different domains in this region. Given that the IRF-7 ID is a very sensitive domain such that any small deletions in the ID rendered the molecule inactive, but removal of the entire domain (⌬283-466) led to a constitutive hyperactive form, we analyzed the ID region by starting with deletion mutant ID10 (with deletion of the entire stretch of the ID from aa 283-466) and gradually added small amino acid fragments back to the molecule. These mutants were examined for their ability to activate the IFNA1 promoter in the absence and presence of Sendai virus.
The IRF-7 deletion mutant ID10 (with a deletion of aa 283-466) displayed a constitutive activity that activated the IFNA1 promoter at a level of 342-fold higher than that of wild-type (WT) IRF-7 in uninfected cells and at a 43-fold higher level than WT IRF-7 in virally infected cells, respectively (Fig. 7A) . Then, amino acids were gradually added back to deletion mutant ID10 from the C-terminal direction. As shown in Fig. 7A , an addition of 14 amino acids to the C terminus (the mutant ID11 with a deletion of aa 283-452), which adds the H4 helix to the molecule, still maintained the constitutive hyperactivity of IRF-7 although there was greater than 50% reduction of the IFNA1 promoter transcription (Fig. 7A) . Addition of seven more amino acids to the C terminus (the mutant ID12 with a deletion of aa 283-445), which adds the S11 ␤-sheet to the molecule, resulted in an 8-fold drop in activation of the IFNA1 promoter. Further sequential additions of amino acids led to proportionate decreases in transcription of the IFNA1 promoter until it reached almost undetectable levels following addition of amino acids at the C terminus until 403 (the mutant ID15 with a deletion of aa 283-403), beyond which any further amino acid addition had no discernible effect (Fig.  7A) . Such similar effects on the transcription activity of the IFNB promoter was also witnessed with these IRF-7 ID deletion mutants (data not shown). Thus, these interesting obser- ID10 -ID20 ) across the entire length of the ORF45-binding region was generated and cloned into a pCMV-FLAG vector. Reporter plasmids containing the firefly luciferase gene under control of the human IFNA1 promoter were co-transfected into subconfluent monolayers of HEK 293T cells along with either the wild-type (WT) IRF-7 or the progressive deletion mutants (ID10 -ID20). pRL-TK reporter plasmid encoding the Renilla luciferase (Ren) was included as an internal control. At 8 h post-transfection, cells were either left uninfected or infected with Sendai virus. Cells were lysed and the luciferase (Luc) activities measured at 24 h post-infection and represented relative to the Ren internal control gene. The mean luciferase activity with respect to transcription of the IFNA1 promoter either in the absence or presence of virus is indicated on the left. The red bordered circles represent localization of the H3 and H4 ␣-helices in the IRF-7 ID. The upper panel depicts a schematic representation of the domain structure of IRF-7 with the DBD, CAD, VAD, ID, and SRD. B, the expression of these mutants in HEK 293T cells was analyzed by a Western blot (WB) using an anti-FLAG antibody. This was performed to check for both the presence of expression and comparable levels of expression of these mutant plasmids.
vations suggest that a gradual addition of the region encompassing the H3-H4 ␣-helices of the IRF-7 ID, spanning aa 407-466, likely brings about a closed conformation of IRF-7 (through hydrophobic interactions) mimicking the latent stage. Thus in the absence of any viral infection, the above region is able to pack IRF-7 into a closed tight structure that likely prevents any further activation of IRF-7.
Nuclear translocation is a hallmark of the IRF-7 activation following virus infection. Thus, to further confirm the role of the region spanning H3-H4 ␣-helices in IRF-7 activation, we examined the effects of the above mentioned deletion mutations spanning the ID region of IRF-7 (mutants ID10 -ID20) on the nuclear translocation of the IRF-7 protein. The fulllength IRF-7 and the deletion mutants as above were individually cloned in the pEGFP-C3 vector and expressed as GFPtagged proteins in HEK 293T monolayer cells grown on coverslips. A set of transfected cells were challenged with Sendai virus 16 h post-transfection and another set left untreated. Cells were visualized under a confocal microscope 12 h postinfection along with the mock infected cells. In the absence of viral invasion, wild type IRF-7 was totally localized to the cytoplasm but exhibited a more nuclear translocation following virus challenge as evidenced by a uniform fluorescence throughout the cell (Fig. 8) . The deletion mutant ID10 (⌬283-466) with complete deletion of the ID revealed a nuclear translocation regardless of Sendai virus challenge (Fig. 8) . Mutants exhibiting partial deletions of the hydrophobic amino acid-rich region spanning the H3-H4 ␣-helices of the ID (the mutants ID11-ID13) also exhibited a nuclear translocation as shown in Fig. 8 . These observations could thus explain the increased constitutive transcription of the IFNA1 promoter observed with these mutants in the earlier luciferase reporter assay (Fig. 7) .
Nuclear translocation of IRFs has been shown to be brought about by specific nuclear localization sequences (NLS). These occur either as traditional basic amino acid-rich bipartite or monopartite sequences localized to the N terminus as seen with IRFs-1, -2, -4, -5, and -9, respectively (32, 40, 41) . IRF-3 has a NLS characterized by the presence of just 2 basic amino acid residues in its N terminus with functional capability (42) . In IRF-7 also, putative NLS have been shown to be present in the N-terminal region spanning aa 1-246 (23) . The possible association of the apparently exposed hydrophobic region spanning the H3-H4 ␣-helices with regions closer to the N terminus of IRF-7 earlier suggested by our model could well result in effectual burial of the NLS of IRF-7 in the absence of viral signals, but the same can be unmasked by a viral signal-induced conformation change resulting in nuclear translocation as seen with the wild type IRF-7 following Sendai virus infection (Fig. 8) . Interestingly nuclear translocation of IRF-7 ID deletion mutants ID10 -ID13, even in the absence of viral infection (Fig. 8) , also suggests a similar unmasking of the NLS consequent to the absence of a closed state IRF-7 conformation following deletion of the hydrophobic amino acid-rich region of the ID spanning the H3-H4 ␣-helices.
The deletion mutants possessing the hydrophobic amino acid-rich stretch spanning the ID (mutants ID14 -ID20) failed to localize to the nucleus regardless of the presence of a viral signal (Fig. 8) . This result is consistent with the effects of these mutations on IRF-7-dependent transcription of the IFNA1 promoter seen earlier (Fig. 7) , thereby pointing to the generation of a closed state IRF-7 conformation consequent to the presence of the hydrophobic region spanning the H3-H4 ␣-helices. Interestingly these findings also suggest that the entire ID (aa 283-466) may function as a hinge that controls movement of the molecule during the switch between the latent and active conformation. Any damage or deletion of the region even adjacent to the H3-H4 domains (aa 283-406) may affect the function of the hinge, i.e. the movement of the molecule, thereby resulting in a dead-locked inactive form of IRF-7. However, if the entire "hinge" (ID) is removed, the molecule becomes an unclosed molecule with constitutive activities.
Thus in this study by employing a combination of molecular modeling and in vitro based approaches we have been able to gain valuable insights into the IRF-7 ID, a crucial component controlling the switch of IRF-7 from a folded inactive state to an open active conformation. Interestingly with the crystal structure of IRF-7 N-terminal DBD recently being described (43) , the only segment of IRF-7 about which little structural information is known is a region in the middle spanning ϳ150 amino acids primarily constituted by the CAD. Although in this study we were primarily interested in the IRF-7 ID due to its KSHV ORF45 binding capacity, futuristic structural information on the CAD component would definitely help to completely understand the IRF-7 structure.
Hypothesized Model for ORF45-mediated Inhibition of IRF-7 Activation-We had earlier shown that KSHV ORF45 interacts with IRF-7 inhibiting both its phosphorylation and nuclear translocation (21) . A detailed mechanism underlying these processes has, however, remained elusive, which we were motivated to comprehend. Our study finding identified the ORF45 binding domain on IRF-7 to its ID, the region shown in this study to critically control the switch between the closed/inactive and opened/active forms of IRF-7. Thus based on these concrete observations, we hypothesize a very feasible and rational model, wherein KSHV ORF45 by binding to the ID of IRF-7 maintains the molecule in an inactive/latent state. This action of ORF45 likely prevents the entire cascade of downstream IRF-7 activation steps inclusive of the ensuing virus-induced phosphorylation and its nuclear translocation (21), critical for transcription of the type I IFN genes.
